Extended summer dry seasons, drier vegetation, and decreased winter precipitation driven by climate change are leading to more frequent wildland fires in many parts of the world, with an increased duration and severity of burning ([@r1][@r2]--[@r3]). Especially in the northern high latitudes, where there is less intensive land management, a post-1750 increase in biomass burning (BB) events has been observed using the charcoal accumulation in sediments (charcoal index increased by ∼0.4) ([@r4]). Wildland fires release large amounts of greenhouse gases, aerosol precursors, and primary aerosols including black carbon (BC) ([@r5][@r6]--[@r7]). Via deep convective clouds and synoptic weather systems associated with warm conveyor belts, a fraction of these emissions can be transported into the upper troposphere (UT) ([@r8][@r9][@r10][@r11]--[@r12]) and lowermost stratosphere (LMS) ([@r13][@r14][@r15]--[@r16]). At these high altitudes, BC particles can have a much stronger (up to ∼10 times) radiative forcing efficiency than at lower altitudes ([@r17][@r18][@r19][@r20][@r21]--[@r22]) due to less-attenuated solar radiation, increased radiation from the back-scattering of clouds, and longer residence time ([@r23], [@r24]). Moreover, an increasing BC concentration near the tropopause (TP) can also alter the vertical temperature profile, leading to a stabilizing effect in the atmosphere below, and can influence cloud and precipitation development in lower layers, resulting in a negative forcing contribution ([@r22], [@r25]).

High concentrations of refractory BC (rBC) ([@r26]) particles have been reported in BB plumes at altitudes of 10--12 km over northeast Germany ([@r13]) and at altitudes up to 7 km in the Arctic ([@r27], [@r28]). A BB plume observed over Germany in September 2011 exhibited elevated mass concentrations of rBC particles \[up to 670 ng·m^−3^ at standard temperature and pressure (STP)\] ([@r13]). This is nearly a two orders of magnitude increase in mass concentration compared with high-altitude rBC measurements above the remote Pacific ([@r29]). Although these previous measurements in the BB plumes are snapshots at similar altitudes but in different regions, the high mass concentrations suggest a potentially strong climate impact of BB-derived rBC particles in the UT/LMS ([@r22], [@r25]). However, because of the lack of global observations of BC abundance and physicochemical properties (e.g., mixing state) at these altitudes ([@r30], [@r31]), large uncertainties still exist in the quantitative assessment of the global climate impact of BB-derived BC particles at high altitudes.

In August 2014, as part of the Civil Aircraft for the Regular Investigation of the atmosphere Based on an Instrument Container (CARIBIC) project \[part of the In-service Aircraft for a Global Observing System (IAGOS) European Research Infrastructure\] ([@r32]), a modified single-particle soot photometer (SP2) was integrated into the instrumented airfreight container onboard a Deutsche Lufthansa Airbus A340-600 airplane, allowing long-term measurements of rBC abundance, size, and mixing state in the midlatitude UT/LMS and the tropical free troposphere, mostly at an altitude of ∼10--12 km ([*Methods*](#s6){ref-type="sec"}). From its integration until October 2015, the CARIBIC-SP2 made these measurements during more than 230 flight hours between Europe and North America, including ∼160 h in the LMS. Here, using this unique and extensive in situ dataset, we demonstrate the strong impact of BB emissions on the key climate-relevant properties of rBC particles at high altitude in the LMS.

Results {#s1}
=======

Concentration and Distribution. {#s2}
-------------------------------

Strong spatial heterogeneity of rBC mass concentrations (M~rBC~) was found in the LMS between Europe and North America based on the 14-mo period of observations ([Fig. 1](#fig01){ref-type="fig"}). To assess the influence of BB, we classified the air masses into three categories, namely background air, BB-affected air, and BB plume air, according to the examination of concurrent measurements of CO and acetonitrile (CH~3~CN) ([*Methods*](#s6){ref-type="sec"}). During 22 flights between Munich and San Francisco, between Munich and Los Angeles, and between Munich and Mexico City (for detailed flight information see [*SI Appendix*, section S14 and Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)), we frequently encountered enhanced M~rBC~ and rBC number concentrations (N~rBC~) during flight segments with concurrently elevated CO and CH~3~CN concentrations ([Fig. 2](#fig02){ref-type="fig"} and [*SI Appendix*, section S1 and Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). In total, more than 10% of the measurements in the LMS (∼16 of 160 h) were influenced by BB, with BB plumes and BB-affected air observed in 2.5% and 8% of the measurement time, respectively.

![Spatial distribution of M~rBC~ between Europe and North America in the LMS as obtained by 22 CARIBIC flights flying between Munich and San Francisco, between Munich and Los Angeles, and between Munich and Mexico City from August 2014 through October 2015. Flights mainly cover the region of 123.75°W--11.25°E and 35°N--77°N. The M~rBC~ data have been converted to STP conditions (273.15 K, 1,013.25 hPa) on a 1° × 1° grid.](pnas.1806868115fig01){#fig01}

![Time series of observed M~rBC~ (*A*), N~rBC~ (*B*), CO mixing ratio (*C*), and CH~3~CN mixing ratio (*D*) for seven IAGOS-CARIBIC flights. Individual flights are marked with white or pale yellow backgrounds. The whole dataset is divided into three air-mass regimes: (*i*) background (gray dots), (*ii*) BB-affected air (purple dots), and (*iii*) BB plumes (yellow dots). The numbers in brackets on the *x* axis show the day of the year (DOY). The complete series of 22 flights is shown in [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental).](pnas.1806868115fig02){#fig02}

Compared with LMS background air \[mean M~rBC~ = ∼6 ng·m^−3^ and N~rBC~ = ∼4.5 cm^−3^, CO = ∼46 parts per billion (ppb), CH~3~CN = ∼173 parts per trillion (ppt); gray dots in [Fig. 2](#fig02){ref-type="fig"}\], different degrees of elevated pollutant concentrations have been found in BB plumes (mean M~rBC~ = ∼140 ng·m^−3^ and N~rBC~ = ∼48 cm^−3^, CO = ∼158 ppb, CH~3~CN = ∼463 ppt; yellow dots in [Fig. 2](#fig02){ref-type="fig"}) and in BB-affected air (mean M~rBC~ = ∼24 ng·m^−3^ and N~rBC~ = ∼11 cm^−3^, CO = ∼87 ppb, CH~3~CN = ∼232 ppt; purple dots in [Fig. 2](#fig02){ref-type="fig"}) ([*SI Appendix*, Table S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). All aerosol (including rBC) mass and number concentrations mentioned in this study have been converted to STP \[273.15 K and 1,013.25 hectopascal (hPa)\]. The most intensive BB plumes were observed mainly in July and August, with the M~rBC~ reaching up to 720 ng·m^−3^ and major enhancements extending over 120--750 km. During transport in the LMS, BB plume air became mixed with background air, leading to even larger areas of influence (BB-affected air masses); for example, segments of 500--1,000 km were affected during flights 472 and 473 ([*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)).

The potential vorticity (PV)-based vertical profiles of M~rBC~ and CO further demonstrate the influence of BB from the UT through the TP and into the LMS ([*Methods*](#s6){ref-type="sec"}). As shown in [Fig. 3](#fig03){ref-type="fig"}, in three exemplary flights with intensive BB plumes, we observed concurrently increased CO and M~rBC~ values distributed either in the LMS (flights 472 and 473) or along the whole vertical profile in the UT/LMS and TP region (flight 515). In these regions, the CO concentration increased up to eightfold (from 50 to 400 ppb), while the M~rBC~ increased by a factor of 3 (from ∼250 to 720 ng·m^−3^).

![PV-based vertical profiles of CO along the flight tracks Munich ↔ San Francisco (flights 472 and 473) and from Munich to Los Angeles (flight 515). The color coding shows the rBC loadings as M~rBC~. The gray shading indicates the TP; the area below is classified as UT, and the area above is classified as LMS.](pnas.1806868115fig03){#fig03}

The strong contributions of BB plumes and BB-affected air to the statistical distribution of M~rBC~, CO, and CH~3~CN in the LMS are illustrated in [Fig. 4](#fig04){ref-type="fig"}. Here, to show the influence on the average concentration, we weighted the frequency distribution ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)) by the corresponding concentration, and the integral in [Fig. 4](#fig04){ref-type="fig"} thus represents the relative contributions of different air masses to loadings. While BB plumes (yellow area) are responsible for the second prominent peak (∼250 ng·m^−3^) in the distribution of M~rBC~, BB-affected air mass (purple area) influences mostly the middle range between background air (gray shading) and BB plumes ([Fig. 4*A*](#fig04){ref-type="fig"}). Due to the influence of BB, the regional mean M~rBC~ in all air masses (background air + BB-affected air + BB plumes) was increased by 75%, reaching an average value of 10.5 ng·m^−3^ compared with the average value of 6 ng·m^−3^ in background air. In contrast, the influence of BB emissions on the mixing ratios of CO and CH~3~CN is less dramatic ([Fig. 4 *B* and *C*](#fig04){ref-type="fig"}), because their longer lifetimes ([@r33], [@r34]) lead to higher background levels.

![Concentration-weighted frequency distributions of M~rBC~ (*A*), CO (*B*), and CH~3~CN (*C*) for background air (gray), BB-affected air (purple), and BB plumes (yellow). The gray and light red shaded boxes represent the corresponding concentration ranges for background and BB plumes in the UT/LMS observed by previous studies (refs. [@r8], [@r9], [@r13], [@r27], [@r30], and [@r59][@r60]--[@r61]; see also [*SI Appendix*, sections S2 and S14, Fig. S2, and Table S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)).](pnas.1806868115fig04){#fig04}

The abundance of BC-containing particles relative to total aerosols is important for understanding the fate and radiative effect of aerosol particles. [Fig. 5](#fig05){ref-type="fig"} shows the ratios of M~rBC~ (left) and N~rBC~ (right) relative to all aerosol particles for the three air mass types. The background rBC mass fraction of ∼0.4% in our study is consistent with measurements in the High-Performance Instrumented Airborne Platform for Environmental Research (HIAPER) Pole-to-Pole Observations (HIPPO) campaign, where an rBC mass fraction of \<0.3% was reported above the TP ([@r30], [@r35]). The BB influence leads to an increase in number fraction of rBC-containing particles (∼1.5 times above background in the BB plume, [Fig. 5](#fig05){ref-type="fig"}) and in the size of rBC cores (from a mean diameter of ∼90 nm in background air to ∼120 nm in BB plumes) ([Fig. 6*B*](#fig06){ref-type="fig"}). However, the increase in rBC mass fraction was found only in the transition from background air to BB-affected air and did not extend further to the BB plumes. The M~rBC~ in BB plumes was more than five times higher than in BB-affected air, and an even stronger enhancement occurred in total aerosol mass. In an extreme case, the total aerosol extinction coefficient reached at least ∼120 Mm^−1^ in the LMS ([*SI Appendix*, section S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)), about four to five times higher than observed at this altitude over Europe after the Pinatubo volcanic eruptions in 1991 ([@r16], [@r36]). As shown in [Fig. 6](#fig06){ref-type="fig"}, BB plumes are characterized by high concentrations of larger non-BC particles and more thickly coated rBC particles. These particles, which contain more non-BC materials, can be removed efficiently in the transition from the BB plume to BB-affected air, as reflected by the reduced abundance of large aerosol particles and thickly coated rBC particles, thus leading to a higher rBC mass fraction in BB-affected air.

![M~rBC~ as a percentage of total accumulation-mode aerosol mass concentration (*Left*) and N~rBC~ as a percentage of total accumulation-mode aerosol number concentration (*Right*) in the three air-mass regimes: background, BB-affected air, and BB plumes. The white boxes mark the respective median values (middle lines) and the 25th and 75th percentile (top and bottom box edges). The shaded areas show the probability density of the three data populations.](pnas.1806868115fig05){#fig05}

![Number size distributions of coated rBC particles (*A*), rBC cores (*B*), and all aerosol particles (*C*). (*D*) Volume distribution of all aerosol particles. *D*~total~ and *D*~core~ denote the particle diameter and rBC core diameter, respectively. The dashed lines are Gaussian distributions fitted to the mass distribution (shown in [*SI Appendix*, section S3 and Fig. S3 *A*, *a*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)) and converted to the corresponding number distributions. Colors represent the three air-mass regimes.](pnas.1806868115fig06){#fig06}

Mixing State. {#s3}
-------------

The light-absorption properties ([@r37]) and ice nucleation efficiency ([@r38], [@r39]) of rBC depend strongly on its mixing state, i.e., whether rBC is externally mixed (bare rBC particles surrounded by different aerosol particles) or internally mixed (an rBC core associated with other compounds, here referred to as "coatings" for simplicity). We set a minimum coating thickness of 30 nm as a threshold above which rBC particles were considered to be internally mixed (coated) (see [*Methods*](#s6){ref-type="sec"} and [*SI Appendix*, Figs. S4--S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental) for details). In the LMS, we mainly find internally mixed rBC particles, especially in BB plumes. The fraction of coated rBC particles varied from ∼90% in background air to ∼95% in BB-affected air and reached 100% in BB plumes. The finding of very large fractions of coated rBC particles based on long-term statistics challenges the assumption of externally mixed BC particles used in previous model studies ([@r22], [@r25]) that assessed the radiative forcing of BC at high altitudes.

[Fig. 7](#fig07){ref-type="fig"} shows the coating-thickness distribution of rBC-containing particles in the three different air masses. Besides a higher fraction of coated rBC particles, BB plumes clearly show thicker coatings with larger rBC cores. The mean coating thickness of rBC particles is ∼150 nm in BB plumes, higher than the thickness of ∼130 nm in BB-affected air mass and ∼125 nm in background air ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). The percentage of coated rBC particles (∼90--100%) and the coating thicknesses (∼125--150 nm) we observed in the LMS are much larger than those measured in fresh BB emissions and in the boundary layer (9--70% and 20--65 nm) ([@r6]), pointing to a longer/stronger aging process during the long-range transport in the LMS.

![Distribution of coating thickness of rBC particles at different core diameters for the three types of air mass. (*Left*) Background air. (*Center*) BB-affected air. (*Right*) BB plume air. The gray triangles denote rBC particles with a total particle size \<180 nm.](pnas.1806868115fig07){#fig07}

The impact of BB emissions on background air is also evident from the coating-thickness distribution of rBC particles ([Fig. 7](#fig07){ref-type="fig"}). In background air, we observe two clusters overlapping at rBC core diameters of about 100--150 nm and coating thickness between 60 and 90 nm. The upper cluster (the second region of high probability density of data points located above the first one, [Fig. 7](#fig07){ref-type="fig"}, *Left*) gains importance with increasing BB influence and is shifted to larger coating thickness ([Fig. 7](#fig07){ref-type="fig"}, *Center* and *Right*). Mode fitting shows that among the multiple modes in background air, the thickly coated modes at ∼110 nm, ∼165 nm, and ∼220 nm coincide with the prominent modes in BB plumes and BB-affected air ([*SI Appendix*, section S5 and Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). Surprisingly, these modes (110--220 nm), which were always observed in the LMS, were much less visible in the UT air, and the most thickly coated mode (∼220 nm) was actually diminished ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). This suggests that a weaker removal process and a longer lifetime of rBC particles in the LMS than in the UT allows the formation of thicker coatings around rBC particles. We have also compared our coating statistics in the UT with those obtained over the Atlantic in a matched-latitude band during Atmospheric Tomography (ATom) missions 1 and 2 ([*SI Appendix*, section S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). As shown in [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental), although the ATom result had poorer statistics due to fewer flight hours, it fits well within the range of our CARIBIC data, indicating a good agreement between the two datasets for background air masses in the UT. Besides the thickly coated modes, we also found a prominent mode in the LMS background air with a relatively thin coating of ∼50 nm ([Fig. 7](#fig07){ref-type="fig"}), whose contribution is, however, very small in the BB plume air ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). This mode and the noncoated rBC particles may be attributed mainly to fuel combustion, which has been suggested to contribute the major fraction of the LMS rBC burden ([@r31]), but the influence of aviation emissions cannot be excluded ([@r24]).

Aging and coating processes are often caused by the formation of secondary aerosols ([@r40], [@r41]). While aging in the LMS, aerosol particles accrete additional materials via condensation and coagulation. As shown in [Fig. 6*A*](#fig06){ref-type="fig"}, in BB plumes the number size distribution of coated rBC particles shows a vast increase, from 200--300 nm in background air, to ∼600 nm. This is caused mainly by the increasing coating thickness in BB plumes ([Fig. 7](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)), with a minor contribution from the increase in the rBC core diameter from ∼57 nm in background air to ∼100 nm in BB plumes ([Fig. 6*B*](#fig06){ref-type="fig"}). Since BB plumes increase the coating of rBC particles through a longer/stronger aging process, we may expect a similar growth in non-rBC particles and an increase in the secondary aerosol components. As shown in [Fig. 6*C*](#fig06){ref-type="fig"}, our measurements in LMS BB plumes show a count median diameter of ∼350 nm for total aerosol particles (mainly non-BC particles), which is much larger than the diameter of ∼100--160 nm observed in fresh smoke ([@r42]), thus demonstrating a strong aging process in the LMS. Moreover, the aerosol number size distribution developed an additional tail toward larger diameters (greater than ∼600 nm) with increasing BB influence; this is more obvious from the volume distribution in [Fig. 6*D*](#fig06){ref-type="fig"}. This tail includes the very thickly coated rBC particles in addition to the general increased size and number of aerosol particles in BB plumes.

Aging in an LMS-BB Plume. {#s4}
-------------------------

The repeated deployment of the CARIBIC laboratory enabled a rare observation of the aging of a BB plume. Flights 472 and 473 (Munich ↔ San Francisco) happened to intersect the same section of a large wildfire BB plume separated by ∼18 h of aging. This case allows us to quantify the changes in rBC microphysics in the course of the air-mass transport between the two encounters.

As shown in [Fig. 8](#fig08){ref-type="fig"} (red dots), the revisited smoke plume had its origin in intensive fires in the Northwest Territories of Canada in July and August 2014 (<https://modis.gsfc.nasa.gov/data/dataprod/mod14.php>, accessed August 2018). The long trail of smoke was observed by the Aqua and Terra satellites on 17 August, 2014 ([Fig. 8](#fig08){ref-type="fig"}, *Top Left* satellite picture). In transit over Hudson Bay and Baffin Bay toward Greenland, the smoke plume was still spotted by the Aqua and Terra satellites on 20 August 2014 ([Fig. 8](#fig08){ref-type="fig"}, *Upper Right* satellite picture). The large-scale circulation is shown on the 250-hPa isobaric surface in [*SI Appendix*, section S7 and Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental). The forward trajectories show air-mass transport from the fire region at the surface to just below the TP. Although the backward trajectories stay above the TP and the actual mixing across the TP is not well represented, there is little doubt about the origin of the rBC intercepted during both flights. The back-trajectory--based time difference between the two plume visits is 16--19 h, which matches well the time elapsed between the respective flights (∼18 h). The aircraft data as well as the trajectories recorded an increase in plume altitude of 300 m between the two encounters.

![Aging of rBC particles in an LMS-BB plume. Backward (77-h and 96-h) trajectories and the forward trajectories (88 h) for the marked flight segments (orange color in *Insets*) for the August 2014 flights. The color code denotes the altitude of the air mass. Smoke transported from the BB source area on 17 August 2014 over Greenland toward Iceland and the British Isles on 20 August 2014 was visualized in satellite imagery from MODIS Aqua Corrected Reflectance (True Color). Red dots mark fires and thermal anomalies obtained from MODIS Terra and Aqua (day and night). Satellite images courtesy of the NASA Worldview application (<https://worldview.earthdata.nasa.gov/>) operated by the NASA/Goddard Space Flight Center Earth Science Data and Information System (ESDIS) project.](pnas.1806868115fig08){#fig08}

Even far away from the wildfires, the BB plume exhibited an M~rBC~ of up to 300 ng·m^−3^ ([Fig. 8](#fig08){ref-type="fig"}, *Insets*), which was at least 50 times the M~rBC~ of background air. Both encounters with the plume show similar M~rBC~-to-∆CO ratios (∆CO = plume CO -- background CO), with averages of 1 and 1.3 ng⋅m^−3^⋅ppb^−1^, respectively. The rBC core-size distribution shows no growth during the transit time (25th and 75th percentages: ∼90--145 nm for both peaks), while the coating thickness of coated rBC particles increases by ∼5--7%. During the transit time of ∼18 h, the mean coating thickness increased from ∼160 nm for the first measurements in the plume ([Fig. 9](#fig09){ref-type="fig"}, light red color) to ∼170 nm for the second encounter with the BB plume ([Fig. 9](#fig09){ref-type="fig"}, light blue color). Hence, 77--96 h after emission, the growth rate of rBC particle diameters in this LMS BB plume is determined to be ∼1 nm·h^−1^ (i.e., a 20-nm growth in diameter during the 18-h aging).

![Evolution of coating thickness for the range of core diameters of rBC particles between the two encounters of the BB plume intercepted by flights 472 and 473 (as shown in [Fig. 8](#fig08){ref-type="fig"}). The middle line denotes the median, and the box limits mark the 25th and 75th percentiles.](pnas.1806868115fig09){#fig09}

Due to their low volatility at low temperature, organics have been suggested to be important in particle formation and growth at high altitude ([@r43], [@r44]). Therefore, we investigated the possible contribution of organics to the coating process based on the concurrent measurements of volatile organic compounds (VOCs) ([*Methods*](#s6){ref-type="sec"}). Accompanying the increase in coating thickness, we observed a 40% reduction in the measured VOC concentrations (here ethane, propane, i-butane, n-butane, n-pentane, benzene, and toluene). However, in addition to coating, both dilution and chemical processing can contribute to a reduction in VOCs. Given the corresponding 13.5 h of daylight, the degradation of VOCs by gas-phase chemistry is expected to be very small (except for a host of very short-lived VOCs that are not measured by CARIBIC). To explain the observed reduction in measured VOCs between the two encounters by gas-phase chemistry, an unrealistic 100-fold increase in OH would be needed ([@r45], [@r46]).

Assuming no chemical loss, the degree of VOC dilution could be as high as ∼67% using mixing ratios of butane and propane measured for background air based on samples collected outside the plume. This calculation has uncertainties but indicates a significant mixing-in of background stratospheric air. At the same time, for more reactive volatile hydrocarbons and organic compounds, it is likely that chemical transformation and condensation occurred concomitant with this dilution. To estimate the scale of mass accumulation, we calculated the mass of gaseous carbon lost between the plume encounters. The respective values are 0.01 μg·m^−3^ for the measured C4--C7 nonmethane hydrocarbons and 0.32 μg·m^−3^ for C2--C7 compounds. Although some of these compounds may still be volatile at about −50 to −60 °C and at ∼300 hPa in the LMS, they may be converted to low-volatility oxygenated compounds through heterogeneous oxidation and oligomerization reactions ([@r44], [@r47]). The measured increase in the size of rBC particles results in an estimated increase in the internally mixed mass of 0.06--0.11 μg·m^−3^, assuming a growth of rBC particles with a core diameter between 120 nm and 340 nm and a density of 1,000 kg·m^−3^ for the condensed organic matter. If we assume the same rate of increase for the total aerosol population, noting that rBC particles constitute 6.6% of all aerosol particles in BB plumes in the LMS, then we estimate a total increase in aerosol mass of 1--1.7 μg·m^−3^. This means that the reduction in organic compounds that we measured may account for up to 30% of the particle growth. It stands to reason to attribute the remaining fraction of observed growth to the condensation of oxidation products of VOCs and/or sulfuric acid present in the BB plume.

Discussion {#s5}
==========

High-altitude BC has a higher radiative forcing efficiency and can change the local thermal atmospheric structure (stability) and influence cloud covers ([@r17][@r18][@r19][@r20][@r21][@r22]--[@r23]). After reaching the LMS, BC has a longer lifetime, which further amplifies these effects. It is known that BB plumes interacting with strong convective systems can penetrate the TP and intrude into the stratosphere ([@r8][@r9]--[@r10], [@r13], [@r15], [@r36], [@r48]). However, because of limited measurements in the LMS, it is still not clear how frequently BB emissions can be transported and to what extent they influence the background BC levels. Our long-term measurement data provide strong evidence of frequent intrusion of BB emissions into the LMS between Europe and North America. Our data show that during the 14-mo period of observation, although only a modest 10% of the measurements were strongly influenced by BB, their contribution increased the regional mean M~rBC~ by 75% in the LMS. The observed contribution of 43% to the regional mean BC loadings at LMS by BB emissions is much stronger than previous model estimates of ∼11--15% ([*SI Appendix*, section S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)) ([@r31]). In addition, the prominent thickly coated modes (∼110- to 220-nm coating) in BB plumes also existed in background air, and thus we may expect a further contribution of BB to background levels. The large discrepancy between observations and model results seems to be caused mainly by the problem of representing wet scavenging and cross-TP transport in models, which limits BB intrusion into the LMS and prohibits the capture of the significant spread of high values of M~rBC~ found in this study.

The mixing state (coating thickness) of BC strongly regulates its radiative forcing, heating effect, and interactions with clouds, which in turn feed back to influence the fate of BC itself. It is not clear if the high-altitude BC, especially in the LMS, should have a thicker or thinner coating or even should be coated at all. On one hand, the low temperature and longer lifetime in the LMS favor a thicker coating due to the enhanced condensation of low-volatility compounds in colder environment. On the other hand, the low concentrations of particles and gaseous precursors and low air pressure in the LMS may limit the coating processes. Moreover, the thickly coated aerosols are expected to be removed more efficiently during the upward transport to the LMS, and the impact of coating on ice nucleation makes the question even more complicated ([@r38]). Thus, the overall net effect on high altitude on rBC coating remains uncertain ([@r16], [@r35]). Our 14-mo measurements show that the overall net effect is a strong enhancement in coating thickness and in the much larger fraction of coated rBC particles in the LMS than in the source regions and in the boundary layer. This enhancement was observed not only in BB plumes but also in BB-affected and background air in the LMS. However, such strong enhancement was not found in the UT data. The lack of thick-coating modes (coating thickness of 110--210 nm) in the UT clearly shows the impact of the distinct removal processes and of BC lifetime on BC-coating processes in UT and LMS around the TP. In an LMS BB plume we observed a very fast growth rate (∼1 nm·h^−1^) for large accumulation-mode rBC particles, which is comparable to or even larger than the particle growth rate observed in polluted megacities ([@r49]).

The BB-induced enhancement of BC abundance and coating thickness may have a large impact on the BC heating rate and regional radiative forcing. Mie model calculations show that, compared with uncoated, bare BC, the lensing effect due to thick coating can enhance the absorption at a wavelength of 550 nm by ∼110% for background air and by 120% for BB plumes ([*SI Appendix*, sections S9 and S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). To evaluate the effect of observed BB plumes on the regional radiative forcing and temperature structure, we applied a radiative transfer model, libRadtran ([*SI Appendix*, section S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). The information about the vertical extent of BB plumes in the LMS from recent light detection and ranging (Lidar) measurement of Canadian wildfire smoke transported to Europe ([@r16]) was used here as a reference. We thus adopted a 1.5-km-thick plume layer in the LMS and a 5-km-thick BB emission-affected layer in the free troposphere. The aerosol concentrations (rBC plus scattering particles) in the 1.5-km layer were set as the observed average concentrations in background air, BB-affected air, and BB plumes. The aerosol optical thickness of the 5-km-thick layer was set as 50% of the 1.5-km-thick layer ([*SI Appendix*, section S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)), according to the observation of Ansmann et al. ([@r16]). To account for the lensing effect of the coating materials, the observed absorption-enhancement factors were applied for stratospheric and free tropospheric rBC particles, respectively ([*SI Appendix*, section S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). The final influence of BB plumes and BB-affected air on the regional radiative forcing was scaled according to their occurrence, i.e., 2.5% and 8%, respectively. Our calculation shows that the observed BB plumes may lead to an ∼0.08 W·m^−2^ increase in the annual average of BC direct radiative forcing at the top of atmosphere in our observation region between Europe and North America. On one hand, the heating effect of BC will increase the air buoyancy and enhance the self-lifting of BB plumes in the LMS. On the other hand, it will form an inversion below the plumes, inhibiting the exchange between the UT and LMS. Based on our observations, we derived an ∼0.07 K·d^−1^ increase in the averaged heating rate attributed to BB plumes, which can reach ∼0.44 K·d^−1^ during extreme cases ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)). The elevated amounts of rBC in the LMS are not limited to the Canadian and North American wildfires but are also expected to exist in other regions of strong BB (e.g., Siberia, Africa, South America, the Indian subcontinent, and southeast Asia) and with other kinds of BC emissions ([@r24]). Furthermore, our in situ observations and two recent Lidar- and remote sensing-based studies ([@r15], [@r16]) show that in extreme cases the elevation of total aerosol loading in the LMS due to the wildfires can be comparable to that of infrequent volcano eruptions. Considering the frequency of the intrusion during the fire seasons, wildfires may strongly influence the regional climate forcing and dynamic circulation at high altitude on seasonal and hemispheric scales ([@r15]).

Methods {#s6}
=======

IAGOS-CARIBIC Observatory. {#s7}
--------------------------

Our rBC measurements were performed with the IAGOS-CARIBIC observatory ([www.iagos.org/iagos-caribic/](http://www.iagos.org/iagos-caribic/)). IAGOS-CARIBIC is a European Research Infrastructure that uses an instrumented airfreight container on board a Lufthansa Airbus A340-600 airplane ([@r32]). Measurement flights with different flight destinations covering an area from about 120°W to 120°E and 75°N to 30°S are carried out during four consecutive individual flights each month. A wide range of in situ measurements (CO, O~3~, VOCs, greenhouse gases, H~2~O, BC, and aerosol particles) is combined with the collection of air and aerosol samples for postflight laboratory analyses. In July/August 2014, the measurement container was modified to implement an SP2, allowing long-term rBC measurements in the midlatitude UT/LMS and the tropical free troposphere. The SP2 samples from a dedicated aerosol inlet. After its integration in the measurement container, the SP2 was used during more than 160 flight hours between Europe and North America, and these data are the focus of this study.

Here we also use concurrently measured data for CO and CH~3~CN. Additionally, we use particle size distributions obtained with an optical particle size spectrometer (OPSS) ([@r50]), which detects accumulation-mode aerosol particles in the 0.14- to 1.05-µm diameter range. The CARIBIC OPSS ([@r50]) operations are conducted by the Leibniz Institute for Tropospheric Research (TROPOS). Nonmethane hydrocarbon ([@r51]) and greenhouse gas measurements ([@r52]) were made from pressurized air samples at the Max Planck Institute for Chemistry. The CO analyzer ([@r53]) is also operated by the Max Planck Institute for Chemistry. Acetone and CH~3~CN were measured by a proton transfer reaction mass spectrometer ([@r54]) operated by the Karlsruhe Institute of Technology.

SP2. {#s8}
----

The SP2 instrument (Droplet Measurement Technologies) was modified to fulfill the complex requirements of automated start, measurement, and shut-down cycles for four consecutive long-range flights on board the Airbus A340-600 passenger aircraft and to comply with aircraft safety regulations. The SP2 was equipped with a software interface implemented to control the instrument via the CARIBIC master computer. The pumping system of the SP2 was adjusted to the pump system already existing in the measurement container. The SP2 instrument measures the size of non-rBC--containing aerosol particles (in the size range of 150--400 nm) based on scattered laser light and measures the mass of rBC ([@r26]) within single aerosol particles (in the size range of 70--600 nm assuming a 1.8 g·cm^−3^ void-free particle density for the rBC component) based on laser-induced incandescence ([@r55]). In the SP2, individual aerosol particles pass a Nd:YAG laser cavity perpendicularly. The surrounding detectors measure the scattered laser light of nonabsorbing aerosol particles and the scattered and incandescent light of BC-containing particles. BC-containing particles are heated to evaporation (∼4,000 K) during their passage through the laser beam. While the amount of scattered light of a nonabsorbing particle is proportional to its size, the amount of incandescent light emitted is proportional to the rBC mass within each individual aerosol particle. The SP2 was calibrated before each flight sequence with Fullerene soot (lot: L20W054) and polystyrene latex spheres between 150 and 350 nm in diameter. During the whole measurement period the laser power was stable at 5.3 eV.

The evaporation of the rBC particles within the laser beam complicates the interpretation of light scattering from these particles. However, the optical size of the original particle can be measured using the leading edge-only fit (hereafter called the "LEO method") ([@r56]). A detailed description of this method, including a schematic figure, is shown in [*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental). In brief, the LEO method uses the combination of scattering and incandescence signals measured during the transit of an rBC particle through the laser beam. The incandescence signal is used to calculate the rBC core size, and the scattering signal contains information of the original particle optical size. This method was applied for each measured rBC-containing particle detected during the 22 flights. In the coating-thickness analysis we included only all rBC particles with a total optical particle size larger than 180 nm and a coating thickness larger 30 nm (∼1.3 million particles). This lower cutoff is at the fifth percentile of all calculated coating thicknesses ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)).

Measurement Flights. {#s9}
--------------------

Between August 2014 and October 2015, 22 flights were conducted with the CARIBIC observatory between Munich and San Francisco, Munich and Los Angeles, and Munich and Mexico City ([Fig. 1](#fig01){ref-type="fig"}). These flights reveal different conditions of BB aerosol. (Further information about the flights, including date and take-off and landing times, is given in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental). Detailed meteorological information for all CARIBIC flights is available at [projects.knmi.nl/campaign_support/CARIBIC/](http://projects.knmi.nl/campaign_support/CARIBIC/).) Our rBC measurements start at an altitude of 690 hPa (∼2- to 3-km altitude) to avoid contamination from the airport and potential turbulent flow conditions in the inlet sampling line. In the present study we concentrate on measurements performed in the LMS. For long-range transport of rBC particles, as observed for the measured BB smoke, the altitude is an important aspect. In the LMS, the lifetime of these particles is on the order of months, much longer than in the UT, where rBC particles survive for 1 d to 2 wk ([@r23]). This implies that in the rBC particles in the LMS can be transported and distributed over long distances (500--700 km) and wide areas.

As a measure of height above the TP, we use the PV calculated based on European Centre for Medium-Range Weather Forecasts reanalysis data with 1° resolution in latitude and longitude at the Royal Netherlands Meteorological Institute. One PV unit (PVU) equals 10^−6^ km^2^⋅kg^−1^⋅s^−1^. For our aircraft flights at midlatitudes, a value \>2 PVU is taken to denote the TP and the LMS region above it. For our study, we used only TP and LMS data to avoid tropospheric influence, and thus we analyzed only BB aerosol that underwent long-range transport. Our analysis is based on ∼160 flight hours in the TP and LMS.

Air-Mass Classification. {#s10}
------------------------

The 22 measurement flights exhibit different degrees of BB impact, which were delineated into three categories based on measurements of CO and CH~3~CN. While CO is produced by incomplete combustion in general, CH~3~CN is directly produced and emitted into the atmosphere almost exclusively during BB events ([@r57], [@r58]). In general, we observed three regimes of air masses: (*i*) background air, (*ii*) BB-affected air, and (*iii*) BB plumes. BB-influenced air-mass regimes are distinguished from background air masses by using Northern Hemispheric climatological background values for CO depending on the month, latitude, and PV based on ∼330 hours of CARIBIC flights performed between 2012 and 2016. The difference between the background and measured CO value (∆CO) is used together with CH~3~CN to discriminate between the different air-mass types. In BB-affected air masses the values of both parameters are larger than the 75th percentile of LMS data (CH~3~CN = 199 ppt; ∆CO = 22 ppb), while BB plumes show extreme values exceeding the 95th percentile of LMS data (CH~3~CN = 259 ppt; ∆CO = 56 ppb). Although the thresholds are somewhat arbitrary, the 75th percentile is consistent with the 99.9th percentile of the two cleanest flights. Additionally, the 75th percentile agrees with thresholds found in literature of CH~3~CN \>200 ppt for fire plumes ([@r31]) and for Canadian fires (∆CH~3~CN \>100 ppt above background) ([@r7]). The frequency distributions of CH~3~CN and ∆CO for all data in the LMS are given in [*SI Appendix*, Fig. S15](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental). As shown in [Fig. 4](#fig04){ref-type="fig"}, classification of background air and BB plumes in previous measurements in the UT/LMS (refs. [@r8], [@r9], [@r13], [@r27], [@r30], and [@r59][@r60]--[@r61], see also [*SI Appendix*, sections S2 and S15, Fig. S2, and Table S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806868115/-/DCSupplemental)) fit in well in our distribution. Finally, we distinguish between the following three air-mass regimes:*i*)Background air (denoted with gray color):• The cleanest air encountered in our measurement period• An actual CH~3~CN concentration less than the 75th percentile of total CH~3~CN (199 ppt)• An actual CO concentration: ∆CO \[ΔCO = measured CO concentration − background (depending on latitude, month, and PV height)\] less than the 75th percentile of total ∆CO (22 ppb)*ii*)BB-affected air (denoted with purple color):• Mixture between background air and BB plumes• Enhanced concentration of CH~3~CN greater than the 75th percentile of total CH~3~CN (199 ppt) and lower than the 95th percentile of total CH~3~CN (259 ppt)• Enhanced concentration of CO: ∆CO greater than the 75th percentile of total ∆CO (22 ppb) and lower than the 95th percentile of total ∆CO (56 ppb)*iii*)BB plumes (denoted with yellow color):• Fresh or aged BB plume• Strongly enhanced concentration of CH~3~CN greater than the 95th percentile of total CH~3~CN (259 ppt)• Strongly enhanced concentration of CO: ∆CO greater than the 95th percentile of total ∆CO (56 ppb)
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